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Mtasuremen+s of the 

are usually made in 

SDBARY 

sound f i e l d  of turbojets ,  i n  s t a t i c  tests o r  i n  f l i gh t ,  

L\e presence of a ground whose abanstic charac te r i s t ics  

are quite  inadequately known o r  evm ignored, 

The sound-pressure spectra  a r e  then perturbed by com?lex re f lec t ion  phenomena 

t h a t  make their  appl icat ion d i f f icu l t .  It fol lows from this %hat the free- 

f i e l d  acoustic charac te r i s t ics  are d i f f i c u l t  t o  establish and any attcnpted 

correlat ion,  e x t r a p l a t i o r ,  o r  simple cornprison of r e s u l t s  becomes iiiprecise, 

Yith the aim of standardizing the experimental conditions, I.S.0, recent ly  

proposed that measurernent of the s o a d  field of turbojets be =de above a 

hard surface (concrete or  the like), thereby a t  least ensuring f’ixed p u n d  

character is t ics ,  But such an arrangement, together with a knowledze of the 

cor rec t im  fac tors  resul t ing from re f lec t ion  phenomna, o f f e r s  the addj.+Lonal 

advantage of permitting r e s t i t u t i o n  of the f ree-f ie ld  spectra, 

SWCMA, haviag established a t e s t  facility f o r  measurhg tu rboje t  noise 

patterned on the 1,S.O. recommendation, undertook a theore t ica l  and experimental 

study of these problems, 

abstracted from this study show that the influence of these re f lec t ions  i s  

far frm- negl igible  and cm be taken i n t o  account either ky comesting the 

measurements o r  a t  t h e  stage of estimating the noise of a turbojet .  

The computed curves and some experimental r e s u l t s  

Some ay;plied examples confirm the correctness of the r e su l t s  obtained. 
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1. 

The laws governing the sound emission of jets are complex, and a comparison 

cf theore t ica l  findings and experimental r e su l t s  can not  be made i n  a 

valid way unless t h e i r  "free-field" acoustic charac te r i s t i s s  can be 

measured. 

Knowledge of these charac te r i s t ics  is indispemable in  the invest igat ion of 

a number of problems, such as the ver i f i ca t ion  and examination of the 

s imi la r i ty  laws of acoustics, acoustic tests on s i lencer  models and 

carryover of the r e su l t s  t o  the fu l l - sca le  engine, establishment of noise 

prediction methods, etc. 

Although it is r e l a t ive ly  easy to  a t t a i n  free-"ield conditicns i n  experimental 

s tud ies  on models (measurements i n  anechoic chambers o r  i n  the open air a t  

a suf f ic ien t  height above t h e  ground), i t  is prac t i ca l ly  impossible t o  obviate 

the proximity of the ground i n  acoustic measurements made near turbojets.  

The m e a n e n t s  are  then perturbed by r e f l ec t ion  phenomena that profoundly 

alter the sound-pressure spectra. 

After sketching the prac t i ca l  importance of these phenamena we s h a l l  

describe br ie f ly  the format of the theo re t i ca l  approach to  the problem of 

re f lec t ions  from a plane, non-absorbing surface and some r e s u l t s  of an 

experiment conducted for the purpose of verieying the theo re t i ca l  resul ts .  

An overal l  comparison between some spec t ra  measured around a tu rboje t  and 

the corresponding computed spectra  show that i t  is possible either t o  

recons3ruct the  f ree- f ie ld  spectra  f r o m  measurements made above a r e f l ec t ing  

ground o r  t o  make an adequate estimate 3: these spectra  i n  t h e  presence of 

such a ground. 



2. IiLUSTR4TION OF T I E  PRACTICAL IPIPOHTANGE 13F Ti32 PiIOE%EM 

The sound field of turbojets  is o r c h a r i l y  measured a t  a large distance 

(SG meters o r  more) so as t o  be located i n  the fa r - f ie ld  of the sound 

source, which ensures tha t  t he  sound f i e l d  will f a l l  off  inversely wi th  

distance. 

area having uniform, well-established character is t ics .  

mezsurements are made a t  the edge of an a i r f i e l d  runway, above a grassy 

ground o r  a mixed t e r r a i n  (pa r t  grass,  par t  concrete). 

During these measurements it is rarely possible t o  find a t e s t  

I n  most cases the 

The sound-pressure spectra  of j e t s  measured under such conditions are  then 

far from having the regular shape of the f ree-f ie ld  spectra  shown i n  Fig. 1 

(measurements mde on a turbojet  mockup in an anechoic chamber). On the 

contrary, they e x h i b i t  a se r i e s  of val leys  and peaks produced by complex 

re f lec t ion  phenomena t h a t  are strongly influenced by the nature of the 

ground and the  locat ion of the receiver  r e l a t ive  t o  the source. 

As an example, Fig. 2 shows spectra from an ATAR turbojet  measured a t  a 

constant height above a grassy ground and a t  three distances frcm the  

engine i n  the d i rec t ion  of maximum sound emission f r o m  the je t .  

I n  a si-milar vein, F'ig. 3 (with the  same engine) shows the spectra measured 

above the same t e s t  area, at  a like horizontal  distance, fo r  three 

d i f fe ren t  receiver heights. 

It svsn appears that spec t ra l  measurements made on an aircraft during an 

overf l ight  a re  not f r e e  from perburbations produced by ground ref lect ions,  as 

il3.ustrated in F'ig. 4, which per ta ins  t o  j e t  noise spectra  measured during the 

passage of a "flying bedstead" equipped with an experiiiental turbojet .  
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It is d i f f i c u l t  t o  correct fc r  such perturbations since it i s  almost 

impassible to  know the momentary acoustic properties of the ground. 

Furthermore, these charac te r i s t ics  change with season, so that it i s  even 

impessible to  obtain a sa t i s f ac to ry  repeat of the same measurement i n  the 

course of time. 

same t.lirbo j e t  above two grounds of d i f fe ren t  natures is completely i l lusory.  

An a for t fed comparison of measurernents made on the 

To obviate these latter drawbacks and with the aim of standardizing the 

measuremnt, I.S.0. has recently proposed [l] t ha t  the measurement of sound 

f i e l d s  of tu rboje t s  be made? above a hard surface (eoncrete o r  s imi la r )  

which a t  l e a s t  gives t he  adyantage of ensuring f ixed acoustic cha rac t e r i s t i c s  

for t h e  ground. 

* 

To carry out, i ts  s tudies  of turbojet noise, in  1967 SNECivIA established. a 

test  facility at Istres that allows making acoust ic  measurements on turboje t s  

i n  conformity with t h e  I .S.0,  recommendatin& . 
This i n s t a l l a t i o n  includes a static-test stand mounted on a thrust-balance 

capable of handling a 30-ton t h rus t  from the jet. The tes t  area, en t i r e ly  

of concrete, a l l m a  making polar measurements of the .sound f i e l d  along a 

semicircle of 60-meters radius with a telecommanded c a r t  carrying the 

microphones. 

AS an example, Fig, 3 shows the apebtra of an ATAR turbojet  as measured on 

t h i s  i n s t a l l a t ion ,  The interferences between d i r e c t  and re f lec ted  signals 

show up cloarly. 

s ince  the concrete surface of this i n s t a l l a t i o n  acted as a perfect  r e f l ec to r  

for  the s ign i f i can t  wavelengths i n  the  turbojet  spectra, it was thus possible 

t o  go beyond the  goal recommended by 1,S.O. i n  seeking a method f o r  
++ Internat ional  Standards Orgahhation 
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correcting +,he spectra  t o  allow deducing the free-f ie ld  spectra  from 

measurements Fade with the  presence OI the re f lec tor .  

3 .  'I'X3Oitii;TICAL STUDY 

2.1 Hypotheses 

3efore beginning the theore t ica l  analysis  of the p;.oblem a nnmber of 

simplifying hypotheses must be enunciated. 

W e  shal l  first  suppose that  the receiver  locat ion i n  t h e  sound f i e l d  is 

remote from the noise source represented by the  je t ,  This condition i s  

satisfied i f  the source-receiver sepaFation is a multiple both of the 

wavelength of t h e  sound Ceing investigated and of t h e  l a r g e s t  l i n e a r  

dimension of the soilrce. 

propagation s ince each of t h e  cQmponents of t h e  spectrum obeys the  inverse 

square l a w  with distance t o  t h e  source, on condition t h a t  at,n?osphe&c 

e.bsorption (which is especiaL1y marked a t  high frequent ies)  is neglected. 

The spectra  emitted then preserve t h s i r  shape during 

'de shal l  a l so  assume tha t  the j e t  produces s ta t ionary rarldom noise satisf,fing 

the ergodic hypothesis. 

taken t o  be s ta t ionary,  isothermal and homogeneous, and, finally, it is 

supposed that re f lec t ion  of the noise from the surface (assumed t o  be a 

perfec t  re f lec tos)  is specclar, which leads t o  adopting the concept of 

an image sowce, symmet.ricaily 3ocated with respect t o  the r e f l ec to r  

from the sourc3. Under these conditions the  relqected noise and the  noise 

arr iving d i rec t ly  a t  the receiver  are coherent, 

The atmosphere i n  which the  noise propagates i s  

3.2 Utablishment of Fundamental Relationships 

The following theoreticaL analysis i s  based on the  major l i n e s  of the 

analysis developed by Howes 123. 
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The geometry of the problem is i l l u s t r a t e d  i n  Fig. 6. Let p ( t )  and p ' ( t -  V) 

be random functions representing t h e  noise propagating v i a  the d i rec t  path 

r and the  ref lected path r', respectively, with 5 '  being the  delay between 

t h e  two signals:  

The r e s i l t a n t  s igna l  a t  t h e  receiver  l eve l  can be wri t ten 

P(t, 7 )  = p(t)+p'(t-7) 

from xhich the expression f o r  i t s  mean-square value, independent of 

As a consequence of the d i f fe ren t  paths traversed by the s ignals  p ( t )  

and p *  (t  - ?' ), 0r.e can s e t  down (takincj: i n t o  accmnt  the spherical  

divergence of the wa-res) : 
p(t).pp-r) - Ip(t).p(t--:) 

I 

where p ( t  - T ) i s  an avxi l iaqr  function corresponding t o  the noise prop- 

agated along r but emitted at time ( t  - 7) .  It i s  thus possible t o  bring 

out i n  ( 2 )  the  autocorrelation function of p ( t ) ,  a function of the s o l e  

variable Y 
1' (7) == p ( t )  . p (t - f) 

I 

The r a t i o  of' the  resultant mzan-square pressure t o  t h e  mean-square 1 'are 

i n  the free-field is  thus :p i t ten ,  noting that 

[p' (t - :)I2 ?' [p (t)]' :. ( r :  r')2 : 

It is shown [3] t h a t  t h e  autocorrelation r ( T I  of the  real function 

p ( t )  i s  the Fourier translorm o f  the spectral density w(f) o r  p ( t ) :  



As a result, we have 

[p (t)]' I '  i o )  . i)fw(f) df (6  1 

Since t h e  sound-pressure sljectra of j e t s  are re la t ive ly  f la t ,  w e  shall take 

the noise in each frequency band t o  be white noise; i t  therefore  has 8 

spectral  density t h a t  is  constant and zqilal t o  wo, i r r e spec t i f2  ef the 

node of analysis selected. 

For a frequency band with cut-off frequencies f a  and f (ideal f i l t e r ) ,  b 
expression (!!) is thus written: 

or 
' r  a sin i5: (fb- f,) cos ;f: ( f .  - f,) I 

I R = l + ( ? )  r t 2 ( & ) 1  t 
(fb- f.) 

( 7 )  

OK sett ir ig 

parameters determining the 

mode c?f analysis selected 
- 

A f  * 

-uL---- 

gemetcizal parameter 2 I - Z  r ' . ~ - ( h + h ' j '  
t \ r: + (h-h')2 

and expressing the  r a t i o 3  I n  decibels, the resu1tiP.g correction f ac to r  

fo r  ref lect ions from ;.? perfectly-condncting plane becomes: 

Two inportant  limitin.; cases should be not6d: 

b r / A l  = o corresponding to A r * o o r  z - 1: 
The two signals P-c? added ard a 6 dB increase i n  level results. 



-9- 

,This is t h e  case of i c t e r f e r e x e  nf twc signaLs enitted froK the s a m  - %Gnochronatic* source with a cielay . t  be%ween tk.e3, Tn th is  part icular  

case, expression <:,! takes the faci'Liar form: 

f igs .  7 an5 5 s k u ,  fo r  the geometrical factors characterized by the 

para.n.eter Z, me variations oi' A X  as a fiinction of the parameter A ~ / , A  

Szr two current 3ethods of amlysis ( analysis by 1/3-nctaves 2r.i analysis 

by octares) . 
The graT.1 of E g o  9 permits rapid determixation of t he  geometric parameter Z. 

;Jsix~g this parameter tne geometrj a€ a case of reflection can be characterised 

in an overzll way, 

calculated few 2 = 1,2 and 4 but it should be noted that Z, which i s  equal 

to the ra t io  of the distance traversed by the reflected wave t o  that  

The cwrect5on;factors given i n  Figs, 7 and 9 hsve bee9 

traversed by the direct  wave,takes on a value close t o  un i ty  i n  most 

I: ~ c t i c a l  cases. 

4.1 -- Arrangement arLd 3xpeiAmental Xethod 

To carry out the exyerinental ver i f icat ion of the hypbtheses and calculations 

s e t  for th  i n  the last Section we deemed it necessary t o  set up a tes t  

arrangement that would ??emit simultaneous measurement o f  the  spectra of a 

j e t  ir! the free-field arid i n  the  presen';e of 5 ref lect ing surface. Thi; 

requirement obviously exciuded the possibil ity of a stu€y made directly 

on a turt.r>jet. 

The experiments1 study was %! 7. 

a convergent nozz'ie. 

ied out on a j e t  mock-up w i t h  

The t e s t  a-rangement, shown i n  Fig, 10, was set  up i n  



the anechoic chamber of t h e  Engine Test Center a t  SACL4Y. 

t o  satisying thereby t h e  free-field conditions t h i s  brought with it other  

advantages, namely, temporal s t ab i l i t y  of j e t  a a u s t ;  and a quie t  and 

isothermal ambient atmosphere, 

I n  addi t ion 

The nohzle, 75 mm i n  diameter and mounted on a test-stand,was supplied 

under constant ope ra t ima l  conditions (eject ion veloci ty  w 500 m/s). 

me measuring arrangenent, shown in Fig, 10, could be rotated aro-md a 

v e r t i c a l  axis through the center  of e ject ion of the nozzle and included: 

- a variable-height microphone support arm 

- a ref lec t ing  plane of metal nlates arranged on a framework 

suspended from rotatable arms by small-diameter rods with 

threaded ends t o  permit regulation of t he  height of the  plane 

with respect t o  the  nozzle, 

Thus 

at a z i m t h s  of 30' - 12Q0 with respect  t o  the j e t  ax is ,  

by ro ta t ing  the arms the s o m i  f i e l d  of the j e t  could be examined 

The acoust ic  measurements were made using a standard recordins system and 

tAe spectra were analyzed by third-xtaves and octaves i n  the  frequency 

region 200 - 40,000 Hz. 

The operational method was t o  record the sound-pressure spectra  of the j e t  

in the free-field and i n  the  presence of the ref lect ing plane for each 

experimental geometry characterised by t he  parameters h, h' ,  r1 and e 

Since these two measurements could not be made simultaneously, preliminary 

tests were made which verified that  thF spectra  were completely s ta t ionary  

81 d reproducible 
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It. 2 Some 3xperirnental -- Results 

Many geometries corresponding t o  d i f fe ren t  values of the parameter Z have been 

studied t o  dzte. Nevertheless, i n  view of the considerable number of 

pwameters on which the poblem depends and spec ia l  problems t ied t o  spec i f ic  

geiometries, the scope of the tests is not yet covered i n  i t s  ent i re ty .  Ye s h a l l  

restrict ourselves here t o  g iv ing  some r e s u l t s  re la t ing  t o  a 2 very close t o  

unity. 

p rac t i ca l  cases of masurements i n  the  far-field of a turbojet  (static tests 

or measurements on aircraft i n  f l i g h t ) ,  

This l i z i t i n g  value, which corresponds t o  rl/r 1, covers most 

The values given i n  Fig. 11, measured i n  the di rec t ion  of m a x i m u m  emission of 

noise from the jet, correspond t o  iden t i ca l  heights for microyhorie and j e t  

axis (mean height of source) and three d i f fe ren t  dis tances  between 5 and 6 

meters (analysis  by third-octaves) . These di f fe ren t  geometries c a ~  be 

considered t o  be representative of measurements 5rl the fhr-field of the 

sound from a j e t  under s ta t id- tes t  conditions. 

The r e s u l t s  corresponding t o  geometries more nearly approximating overf l ight  

are i l l u s t r a t e d  i n  Fig. 12, as deduced f r o m  measurements made at  an  a z i m t n  

of 99' (analysis  by third-octaves). 

To comple%e this brief survey of  t h e  experimental investigations,  Fig. 13 

shows the r e s u l t s  of analyses by octaves i n  the d i rec t ion  of maximum sound 

emibsion f o r  d i f f e ren t  experimental geometries. 

It is  seen that on t h e  whole the agreement between theory and experiment is 

sat isfactory,  despite some dispersion of the measured points  -0 which should 

not be surprising. 

equivalant t o  a point source and that rigorous determination of distances i s  

always cr i t ical ,  

observed f o r  specif ic  t e s t  geometries should be made the  object of 

I n  fact ,  it is clear that the j e t  is far from being 

Also, it shauld be w i n t e d  out t h a t  ce r t a in  anomalies 
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complehentary t,estY. 

5. EXAMPUS OF PRACTICAL A?PLICATION 

In  the  last FcsctLm of t h i s  a c c x n t  we shall wesen t  some examples of thc 

prac t ica l  ap;,Lication of the s tudies  just discussed. 

The first appl t ta t ion  concerns the correction of tk measzrernents made on 

the Istr:*s i n s t a l l a t i o n  described at  the beginning of this a r t i c l e ,  v i t h  the 

airr of estsbl ishing t h e  free-field charac te r i s t ics  of L!e noise emitted by 

jets.  

Fig. lh t h 3  shows somd-pressure s?ectn.  f x m  an ATm turbojet  that  have oeen 

corrected usin? the r e s u l t s  previously established, For purposes of comparison 

we have shown on the figure the free-field spectra  calculated using tbe  noise 

prediction 3ethod established br 5NiXNA [h] . 
demonstrate tha t  it is possible t o  res tore  the trend of the f ree-f ie ld  

The two examplea considered 

spectra with a rather  good approxination. 

A second s o r t  of application concerns problems of predicting the  noise 

spectra  of jets. As an example ne have compared (Fig. 15) spectra  measured 

on tile same i n s t a l l a t i o n  and the calculated spectra,  t h i s  time aFplyhg the 

correction terms resul t ing fmm re f lec t ions  t o  tk free-field spectra. 

it is seen that the agreement between the predicted curves arld the measuremen’.s 

is quite  sa t i s fac toq-  although-the first n u l l  i s  c lear ly  less important than 

the value calculated for it, 

As a f i n a l  example of application, Fig, 16 shows once again the spec t ra  of 
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Fig. 4 measured dwing ovetrf'Xght and the corres?onding calculated spectra. 

Since the ground charac te r i s t ics  uere unknown we hypothesized a perfectly- 

r e f l e c t i c s  ground t o  es tab l i sh  %he calculated spectra,  a hypothesis t J h t  

ce r ta in ly  does not correspond t o  rea l i ty .  

hetween the measuremnts and calculat ions could be for tui tous,  it serves 

t o  stress the ymcautions one should take when raking acoustic measurenents 

on aircraft i n  fl ight.  

Although the obst-ed agreement 

To conclude t b 5 s  a.-count, i n  which we have given a brief survey of the 

theoret ical  and experimental prcblems of ref lect ions,  more spec i f ica l ly  

focussed on t h e  acoustic spectra  of j e t  noise, we should add some renarks. 

To begin, for cer tain special  cases of ths problem that r e l a t e  t o  limiting 

geometries 

This concerns especial ly  the case of  grazing incidence, when je t  and 

microphone are very close to the reflectin!: plane. 

the resilts do not match the  quality of those we have discussed. 

The r e s u l t s  likewise appear to be i - q a i r e d  when the  jet is near the aur'hce 

and the microphone i s  very far from i3w jet. 

In these la t ter  cases it is probable that the hypothesis of a point source 

can no longer be maintained and t h a t  a dist r fbut ion of sources must be taken 

i n to  account i n  the problen. 

particular points is i n  process. 

A theoret ical  and experimental study of these 

A t h i r d  factor  t h a t  bears on t h e  r e s s l t s  is essent ia l ly  the exis t ing 

emerimental  conditions, namely the  influence of a non-homogeneous atmosphere, 

wind, surface roughness and inaccuracy i n  measurin; the distances,  These 
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pertur3atiorLs lead t o  dispersion of t.k r e su l t s ,  which is part ic , i lar ly  

pronounced near t he  extrexities of the correct ion curves and is more 

marked the  narrower t k  band of the analysis. 

Notwithstanding these remarks, i n  most prac t ica l  cases the a?plication of 

the correction f ac to r s  we have defined will permit a more realistic approach 

t o  t h 5  free-field acoustic charac te r i s t ics  of jets. 



Nomenclature : 

velocity of sound C 

frequency (YZ) f 

cut-off frequencies of a band of width L f f  

bandwidth 

center  frequency of a band fi  = {e 
height of source above re f lec t ing  plane 

fi 

h 

height of receiver  above re f lec t ing  nlane 

N level of soiind-pressure i n  dB 

P I  P' sound pressures 

source-re ceiver di s tanc e r 

projectioy of direct ray on re f lec t ing  plane 

path length of re f lec ted  s igna l  
1 r 

r' 

path difference between direct-  and reflected- signals l i r  

R r a t i o  between the mean square of t he  resu l tan t  signal and 

the direct sigiial 

t 

w(f) 

x 

time 

spec t r a l  density 

geometrical parameter z = r'/r 

parameter defining t h e  mode of spec t ra l  analysis = 2n A f /2f l  

p a m e t e r  derining mode of  spec t ra l  analysis  = 
-l 

f? 

e angle between axis of j e t  and direct ion of sound emission 

autocorrelation function of p( t )  

delay T 



h wavelength 

wavelength correspondirs to the center frequency of a band 4 - 
) tine-average of a quantity 

( I~ mean-square value of a quantity 
- .- 
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